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Abstract
The coalescence of a neutron-star binary is likely to result in the
formation of a neutron-star merger remnant for a large range of bi-
nary mass configurations. The massive merger remnant shows strong
oscillations, which are excited by the merging process, and emits grav-
itational waves. Here we discuss possibilities and prospects of inferring
unknown stellar properties of neutron stars by the detection of post-
merger gravitational-wave emission, which thus leads to constraints of
the equation of state of high-density matter. In particular, the dom-
inant oscillation frequency of the postmerger remnant provides tight
limits to neutron-star radii. We mention first steps towards a practi-
cal implementation of future gravitational-wave searches for the post-
merger emission. Moreover, we outline possibilities to estimate the un-
known maximum mass of nonrotating neutron stars from such types of
measurements. Finally, we review the origin and scientific implications
of secondary peaks in the gravitational-wave spectrum of neutron-star
mergers and differences in the dynamical behavior of the postmerger
remnant depending on the binary configuration. These considerations
lead to a unified picture of the post-merger gravitational-wave emission
and the post-merger dynamics.
1 Overview
Neutron-star binaries are known to merge within the Hubble time for suf-
ficiently close orbital separations because of the emission of gravitational
waves, which reduce the angular momentum and energy of the system. Prior
to merging the gravitational-wave emission is strongest, which is why the late
phase of the so-called inspiral and the postmerger evolution are important
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targets for the upcoming gravitational-wave instruments (see e.g. Ref. [1]).
Depending on the uncertain merger rate and the available detector network
between 0.2 and 200 detections per year are expected [2].
The dynamics and the gravitational-wave signal of the inspiral phase are
mostly determined by the masses of the binary, which is why a detection of
gravitational waves from a neutron-star merger will yield the binary masses.
In particular, the total binary mass can be well determined since it can be
inferred from the accurately measured chirp mass (see Fig. 1 in Ref. [3]).
In the very late inspiral phase finite-size effects may be measurable and may
thus allow to infer unknown stellar properties of the inspiralling neutron stars
like the stellar compactness, which constrains the only incompletely known
high-density equation of state (e.g. Ref. [4]). Complementary to that, the
frequencies of the oscillations of the postmerger remnant yield information
on stellar properties and the high-density equation of state. The postmerger
oscillations are the focus of this study.
2 Dominant postmerger oscillation
For a large range of binary parameters the merging leads to the formation
of a massive, differentially rotating neutron-star merger remnant [5]. The
dynamics of the postmerger phase are strongly affected by the equation of
state, which determines the structure of the merger remnant. Therefore, the
dominant oscillation frequency of the remnant is characteristic of the high-
density equation of state. Specifically, the dominant oscillation frequency
scales tightly with the radii of nonrotating neutron stars of a fiducial mass [6,
7]. Radii of nonrotating neutron stars depend on the equation of state and
can thus be used to characterize a given equation of state. The fiducial mass
can be chosen to be the one of the inspiralling stars. For a fixed binary mass
the relation between the dominant frequency and the radius is even tighter
if a fiducial mass somewhat higher than the mass of the inspiralling stars
is chosen [7]. The reason is that the densities in the merger remnant are
higher than in the initial stars. Hence, the stellar properties of more massive
nonrotating stars provide a better description of equation-of-state properties
in the density regime of the merger remnant. The relations between the
dominant oscillation frequency fpeak and radii of non-rotating neutron stars,
each radius value corresponding to a particular neutron-star equation of state,
are shown in the left panel of Fig. 1 for different fixed binary masses.
The dominant oscillation frequency of the merger remnant occurs as a
2
12 13 14 15
2
2.5
3
3.5
R1.6 [km]
f pe
ak
 
[kH
z]
 
 
2.4 M
sun
2.7 M
sun
3.0 M
sun
1 2 3 4
10−22
10−21
f [kHz]
h e
ff,
x(2
0 M
pc
)
fpeakf
spiralf2−0
Figure 1: Left panel: Relations between the dominant gravitational-wave
frequency fpeak and the radii of nonrotating neutron stars for different fixed
total binary masses. (Figure taken from Ref. [3].) Right panel: Exemplary
gravitational-wave spectrum with characteristic frequency peaks of the post-
merger phase labelled by f2−0, fspiral and fpeak. (Figure taken from Ref. [3].)
pronounced peak in the gravitational-wave spectrum (e.g. Refs. [6, 7, 8, 9]),
and there is strong evidence that this peak is generated by the fundamental
quadrupolar fluid mode of the postmerger remnant [10, 3]. For an exem-
plary model the spectrum is provided in the right panel of Fig. 1 with the
dominant oscillation frequency labelled by fpeak. A measurement of this
frequency yields tight constraints on neutron-star radii by inverting the em-
pirical relation between the dominant postmerger oscillation frequency and
the neutron-star radius (left panel of Fig. 1). Figure 1 reveals that different
relations exist for different total binary masses [6, 7, 11, 3]. In a measure-
ment the binary mass will be determined from the inspiral phase, and thus
the relation to be employed for the frequency-radius inversion will be known.
The dominant peak in the gravitational-wave spectrum has been shown
to be measurable by the upcoming network of gravitational-wave detectors
for nearby merger events. Simulations reveal that a morphology-independent
burst search algorithm can accurately determine the frequency of the most
prominent peak in the kHz range of the gravitational-wave spectrum [12].
For distances within several to a few ten Mpc the dominant postmerger
frequency can be measured with an accuracy of ∼ 10 Hz. For merger rates
on the more optimistic side, detections are possible with the upcomning
network of instruments, and further improvements in the detectability are
likely for more sophisticated search algorithms. For instance, a study based
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on a principal component analysis promises significant improvements in the
detectability [13].
In the case that several of such measurements succeed for different binary
masses, one can consider the mass dependence of the peak frequency to
estimate by an extrapolation the frequency at higher binary masses [14].
(The frequency increases with the binary mass since the remnant gets more
compact with mass.) In this way the highest possible frequency and the
highest possible binary mass which leads to a neutron-star merger remnant,
can be approximately determined. Mergers with higher binary masses lead to
a prompt gravitational collapse and directly form a black hole. The estimate
of the threshold mass to prompt gravitational collapse can be employed to
yield an estimate of the maximum mass of nonrotating neutron stars [5].
Similarly, the peak frequency close to the threshold determines the radius of
the maximum-mass configuration of nonrotating neutron stars. Alternative
approaches are summarized in Ref. [3].
3 Secondary postmerger frequencies
Apart from the dominant oscillation frequency there are additional weaker
features present in the gravitational-wave spectrum (right panel of Fig. 1).
Two distinct mechanisms can generate additional peaks depending on the
binary mass [15]. Which of these mechanisms is active, depends on the bi-
nary mass. For relatively low masses antipodal bulges are formed during the
merging, which orbit around the central parts of the remnant for a few mil-
liseconds. The orbital motion of these bulges with a spiral pattern generates
a pronounced secondary peak several 100 Hz below the dominant oscillation
frequency (fspiral in Fig. 1) [15]. As the binary mass increases, the initial bi-
nary components are more compact and merge with a higher impact velocity.
The more violent collision leads to a stronger excitation of the quasi-radial
oscillation mode of the merger remnant, which typically has a frequency of
roughly 1000 Hz. While this mode being quasi-radial does not appear in
the gravitational-wave spectrum, it can couple to the dominant quadrupolar
mode discussed above. The interaction of these two modes leads to two dis-
tinct peaks at frequencies of the dominant mode shifted by ± the frequency
of the radial mode [10]. In particular, the peak at lower frequencies can be
very pronounced, which occurs then at about 1000 Hz below the dominant
peak (f2−0 in Fig. 1). For moderate binary masses the two mechanisms can
lead to peaks with comparable strength in the gravitational-wave spectrum
4
like in the case shown in Fig. 1. As the binary mass approaches the threshold
binary mass to the prompt gravitational collapse from below, the quasi-radial
oscillations become stronger. Hence, the gravitational-wave peak generated
by the mode coupling starts to dominate over the peak produced by the spiral
pattern. The formation of antipodal bulges is weakened for more compact
binary components. The picture of distinct mechanisms producing peaks in
the gravitational-wave spectrum at different frequencies is supported by the
analysis of time-frequency maps [13].
In these considerations the notion of high and low total binary masses
depends on the equation of state because the equation of state determines
the stellar compactness and the threshold to the prompt gravitational col-
lapse. A detailed analysis of many different models (sampling different bi-
nary masses and equations of state) leads to a classification scheme of the
postmerger dynamics and gravitational-wave emission. The scheme classifies
gravitational-wave spectra depending on the presence and strength of the
different secondary peaks (see left panel of Fig. 2). It illustrates the afore-
mentioned binary mass dependence and also reveals the clear impact of the
equation of state consistent with the picture described above [15]. For stiff
equations of state the generation of the fspiral feature is favored, which leads
to a strong secondary peak even for relatively high total binary masses. In the
case of soft equations of state, already for relatively low total binary masses
the spiral feature is suppressed, while the radial mode and the corresponding
secondary peak are strongly present. This explains the band structure in
Fig. 2.
Remnants with higher mass, which are closer to the gravitational col-
lapse, have a lower quasi-radial frequency, which should go to zero for the
onset of the collapse. Consequently, the secondary peak produced by the
mode coupling gets closer to the dominant peak. A determination of the fre-
quency of this secondary peak and the main peak determines the quasi-radial
frequency of the remnant and may indicate the proximity of the system to
the quasi-radial gravitational collapse, which may possibly yield an estimate
of the maximum mass of nonrotating neutron stars [15].
It is interesting to note that also the frequencies of the different secondary
peaks depend in a clear way on the equation of state [15]. In similarity to the
dependence of the dominant frequency fpeak discussed above, the secondary
frequencies also scale tightly with stellar radii of nonrotating neutron stars for
fixed total binary masses. This behavior may be expected considering the
mechanisms that generate those secondary peaks. Equivalently, one finds
also a strong correlation between the frequencies of the secondary frequency
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Figure 2: Left panel: Classification scheme of postmerger dynamics and
gravitational-wave emission (Type I: dominant f2−0 feature, Type II: compa-
rable strength of f2−0 and fspiral feature, Type III: dominant fspiral feature).
Shown are the types of gravitational-wave spectra for different equations of
state and total binary masses Mtot. The type of a given model is plotted
at Mtot/2 (and the radius of the inspiralling neutron stars) on top of the
mass-radius relations of the equation of state which was used in the hydro-
dynamical simulation (see Ref. [15] for details). (Figure taken from Ref. [15].)
Right panel: Gravitational-wave spectra for different equations of state and
fixed total binary mass rescaled to a reference frequency and amplitude.
and the dominant frequency for a fixed total binary mass (see Fig. 4 in
Ref. [13]). The relation can be well described by a linear function fspiral/ 2−0 ∝
fpeak. The importance of this observaiton lies in the fact that it explains the
existence of a universal gravitational-wave spectrum, which can be obtained
by rescaling the frequency and amplitude of a given spectrum to a reference
point [13]. The right panel of Fig. 2 demonstrates the universality, i.e. the
similarity of the rescaled spectra and their approximate independence of the
equation of state. The approximate universality of postmerger gravitational-
wave spectra may be regarded as the reason why the principal component
analysis presented in Ref. [13] performs so well.
The understanding of the different mechanisms, which generate the most
prominent peaks in the postmerger gravitational-wave spectrum, leads to a
relatively simple, physically motivated time-domain model of the gravitational-
wave signal. As shown in Ref. [3] (Fig. 12 to 14), the sum of damped sine
functions performs very well in reproducing the gravitational-wave signals
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which are obtained from hydrodynamical simulations. The observed match
between our analytic model and the numerical data is very encouraging and
our model may form the basis for future time-domain templates to be used
in matched-filtering searches of gravitational waves. The performance of this
model still needs to be confirmed for a wider range of numerical models.
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